The developmental competence of oocytes is progressively attained as females approach puberty. The poor quality of prepubertally derived oocytes suggests that essential processes during cytoplasmic maturation have not been completed. The objective of this experiment was to identify genes in oocytes that are associated with good (cyclic females) and poor (prepubertal females) developmental competence. Development to the blastocyst stage in vitro was significantly decreased in oocytes derived from prepubertal females compared with cyclic females (5.26 and 12.86%, respectively). Approximately 10% of the oocyte transcriptome was differentially expressed between in vitro-matured oocytes derived from cyclic and prepubertal females (P < 0.05); 58% of differentially expressed genes had increased transcript abundance in oocytes derived from cyclic females. Genes involved in the metabolism and regulation of biological processes had increased transcript abundance in oocytes derived from cyclic females, whereas genes involved in translation were increased in prepubertally derived oocytes. Quantitative PCR confirmed differential expression (P < 0.05) for 6 out of 11 selected genes [DPYD (dihydropyrimidine dehydrogenase), RDH11 (retinol dehydrogenase 11), SFRS4 (serine/arginine-rich splicing factor 4), SFRS7 (serine/arginine-rich splicing factor 7), TL4 (transcribed loci 4), and TOP2B (topoisomerase II β)] that were differentially expressed with greater than a 2-fold change by microarray, although 3 of these genes, DPYD, TL4, and TOP2B, were in opposing directions by the 2 methods. In conclusion, expression of multiple genes involved in metabolism and translation was significantly altered in oocytes from prepubertal females compared with cyclic females, which was associated with reduced in vitro development to the blastocyst stage. These genes may represent important cellular mechanisms that regulate oocyte quality.
INTRODUCTION
Oocyte developmental competence refers to its ability to produce viable, healthy offspring (Armstrong, 2001) , and is progressively obtained as the female approaches puberty. Prepubertally derived porcine oocytes matured in vitro have reduced progression to metaphase II (MII), increased polyspermy after fertilization (Marchal et al., 2001) , and decreased total embryonic cell number in blastocysts compared with adult-derived oocytes (Grupen et al., 2003; Sherrer et al., 2004) . These results suggest that essential processes that should occur during cytoplasmic maturation have not been completed in prepubertally derived oocytes.
During the growth phase of the oocyte, essential transcripts are accumulated and stored for utilization during early embryo development (Trounson et al., 2001; Marchal et al., 2002; Calvert et al., 2003) . Decreased oocyte competence and embryonic development in prepubertally derived oocytes have been associated with altered gene expression.
The decrease in developmental potential observed in prepubertally derived oocytes may be associated with changes in the transcriptome generated during oocyte growth and development, or with alterations in transcript degradation during oocyte maturation. Determining perturbations in the transcriptome could lead to the identification of cellular mechanisms critical to oocyte quality. The objective of the current study was to investigate the transcriptome of in vitro-matured porcine oocytes derived from cyclic and prepubertal females to identify genes essential for the acquisition of oocyte developmental competence. We hypothesized that prepubertally derived oocytes would have an aberrant expression of genes important to oocyte quality compared with oocytes derived from cyclic females, and that this aberrant gene expression is associated with decreased oocyte developmental potential.
MATERIALS AND METHODS
Animal Care and Use Committee approval was not required for this study as the samples were obtained opportunistically from federally inspected slaughter facilities.
All reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise stated. To allow for adequate equilibration to the in vitro culture environment, maturation medium was prepared at least 4 h before the addition of oocytes. Porcine ovaries from approximately 750 cyclic and 450 prepubertal (noncyclic) females were obtained from 2 local abattoirs [Momence Packing Co. (Momence, IL) and Indiana Packers Corp. (Delphi, IN) , respectively], transported to the laboratory at 30 to 34°C, and washed with warm saline (0.9% NaCl). Prepubertal (noncyclic) females were confirmed by the absence of corpora lutea. Cumulus-oocyte complexes (COC) were vacuum aspirated from mediumsized follicles (2 to 6 mm in diameter) by using an 18-gauge needle. Cumulus-oocyte complexes were washed in HEPES-buffered synthetic oviductal fluid supplemented with 0.1% BSA (SOF-HEPES; Herrick et al., 2006) and were selected for 2 or more layers of cumulus cells. Selected COC were matured in vitro in modified Tissue Culture Medium 199 (TCM199, Invitrogen, Carlsbad, CA) supplemented with 0.5 mM cysteamine, 0.5 mM citric acid, 100 ng/mL of epidermal growth factor, 0.05% ITS (vol/vol; 0.5 mg/mL of insulin, 0.5 mg/mL of transferrin, 0.5 μg/mL of selenium), 0.01% Recombumin (vol/vol; Vitrolife Inc., Englewood, CO), 0.1 U/mL of porcine LH and FSH (Sioux Biochemical Inc., Sioux Center, IA), and 2 mg/mL of fetuin (Lowe and Krisher, 2007) for 42 to 44 h at 38.6°C in 7% CO 2 and air.
Identification of MII Oocytes and Oocyte Lysis
Metaphase II oocytes were identified by extrusion of the first polar body. To ensure complete removal of cumulus cells, COC were vortexed for 6 to 8 min in 100 μL of SOF-HEPES and 1% (vol/vol; 80 to 160 U/mL) hyaluronidase after in vitro maturation (IVM) and then washed 3 times in SOF-HEPES. Oocytes were exposed to SOF-HEPES supplemented with 5% sucrose for 5 to 10 min to shrink the ooplasm for polar body identification at 100× magnification. Metaphase II oocytes were immediately washed in SOF-HEPES, transferred to lysis buffer (Dynabeads mRNA Direct Kit, Invitrogen) in groups of 150, and frozen at −80°C for microarray analysis. Oocytes in which polar bodies were not identified were mounted on glass slides and compressed under coverslips supported by a petroleum jelly-paraffin wax mixture. Glass slides were immersed in fixative solution (6:3:1 ethanol:acetic acid:chloroform) for 48 h and then stained with aceto-orcein (1% orcein in 40:60 acetic acid:water). Chromatin configurations were analyzed to determine the stage of oocyte maturation. Oocytes that were determined to be at MII, but were not identified previously as having an extruded polar body, were included in maturation percentages. Oocytes that were lysed were not included in the total number of oocytes when calculating the percentage of maturation success. Thus, maturation success was calculated as the number of oocytes with a polar body or a confirmed MII plate, divided by the total number of oocytes placed into the IVM system.
In Vitro Fertilization
To allow for adequate equilibration, in vitro fertilization and culture media were prepared at least 12 h before use. After maturation, COC were denuded by vortexing for 3 min and were then washed as described above. Oocytes from each treatment group were washed 3 times in modified Tris-buffered medium (Abeydeera and Day, 1997) supplemented with 2.0 mM caffeine, 2.0 mg/mL of Fraction V BSA and 1× PSA (10,000 U of penicillin, 10,000 μg of streptomycin, 25 μg of amphotericin; Invitrogen). Oocytes were fertilized in groups of 20 in 100-μL drops under oil.
Fresh ejaculate from a single boar was collected weekly. Chilled and extended semen (Androhep EnduraGuard, Minitube of America Inc., Verona, WI) was warmed at 37°C for 20 min. Semen was separated on a Percoll gradient (90%:45%) to remove cellular debris and dead cells by centrifugation at 700 × g for 20 min at room temperature. The supernatant was removed and the sperm pellet was washed twice in 5 mL of Ca 2+ free Dulbecco's PBS (Invitrogen) by centrifugation for 5 min at 1,000 × g at room temperature. The resulting pellet was diluted in modified Tris-buffered medium and the sperm suspension was added to the fertilization drops (final concentration, 750,000 spermatozoa/mL). Gametes were co-incubated for 5 to 6 h at 38.6°C in 7% CO 2 and air.
In Vitro Embryo Culture and Total Embryonic Cell Number Determination
Presumptive zygotes were removed from the fertilization medium and washed 3 times in North Carolina State University (NCSU)-23 medium (Petters and Wells, 1993) supplemented with 4 mg/mL of BSA (Serologicals Protein Inc., Kankakee, IL). Presumptive zy-gotes were incubated for 6 d in groups of 10 embryos per 50-μL drop under oil at 38.6°C in 6% CO 2 , 10% O 2 , and the balance N 2 . Embryo development was assessed and blastocysts were stained for total embryonic cell number. Developmental success was calculated as the number of embryos developing to the blastocyst stage divided by the total number of presumptive zygotes placed into the in vitro culture system. Blastocysts were incubated in 100% ethanol and 25 μg/mL of Hoechst 33258 stain overnight at 4°C. Embryos were then transferred to a drop of glycerol and mounted on glass slides under coverslips, and cell number was determined with a fluorescent microscope with 400× magnification.
Microarray Analysis
For microarray and quantitative PCR (qPCR) analysis, all enzymes and materials were purchased from Invitrogen unless stated otherwise. Mature, denuded oocytes were pooled into 3 separate groups of 150 oocytes each for both treatments. Oocytes were collected over a period of 3 to 4 d of abattoir ovary procurement. Each pool of 150 oocytes was used for a single hybridization. Poly A+ RNA was extracted by using a Dynabeads mRNA Direct Kit. Genomic DNA contamination was assessed by reverse transcriptase (RT) and mock RT reactions by using a small percentage of RNA from each sample (10%). Samples were incubated with 10-mM deoxynucleotide 5′-triphosphate, 100 ng/μL of random hexamer primers (dN6), and water for 5 min at 65°C. Random-primed RNA samples were divided for RT and mock RT reactions. For RT reactions, 50% of random primed RNA were incubated with 200 U/ μL of Moloney murine leukemia virus RT, first-strand buffer (250 mM Tris-HCl, pH 8.3 at room temperature; 375 mM KCl; 15 mM MgCl 2 ), 0.1 mM dithiothreitol, 40 U/μL of RNaseOUT, and water. Mock RT reactions were performed by using the remaining 50% of random-primed RNA as described above; however, Moloney murine leukemia virus RT and RNaseOUT were excluded from the samples. Reverse transcription was performed at 25°C for 10 min, 37°C for 50 min, and 70°C for 10 min. Complementary DNA samples were amplified for the glyceraldehyde 3-phosphate dehydrogenase gene (GAPDH) with 10 mM deoxynucleotide 5′-triphosphate, 20 μM forward and 20 μM reverse primers, 10× transcription buffer, 5 U/μL of HotMaster Taq polymerase (Eppendorf, Hamburg, Germany), and water. Samples were incubated at 94°C for 1 min 40 s, 40 cycles of 94°C for 20 s, 58°C for 10 s, and 65°C for 30 s, followed by 65°C for 2 min. Products were separated by gel electrophoresis and stained with ethidium bromide (Sigma-Aldrich). All samples displayed a positive RT reaction and did not contain genomic DNA, as indicated by the absence of a gel band in the mock PCR samples.
The remaining mRNA was processed by the Purdue University Genomics Core Facility (West Lafayette, IN) for 2-cycle amplification by using an Affymetrix GeneChip Two-Cycle cDNA Synthesis Kit (Affymetrix, Santa Clara, CA). Three microarrays were hybridized and analyzed per treatment, for a total of 6 microarrays. Complementary RNA (cRNA) was produced by in vitro transcription by using a MEGAscript High Yield Transcription Kit (Ambion, Austin, TX) according to the manufacturer's protocol, with one modification. Double-stranded cDNA samples were incubated for 16 h with ribonucleotides and T7 RNA polymerase, and samples were incubated for an additional 10 h with fresh ribonucleotides and T7 RNA polymerase. Integrity of the labeled cRNA was determined with a Bioanalyzer 2100 Nano 600 chip (Agilent Technologies, Santa Clara, CA). Labeled cRNA (10 μg) was then hybridized onto the Affymetrix Porcine Genome Arrays, which contained 23,937 probe sets. The microarray data were deposited in the Gene Expression Omnibus database (National Center for Biotechnology Information; http://www.ncbi.nlm.nih.gov/geo/; accession number GSE11590).
qPCR
Independent samples of mature oocytes from each treatment were pooled into 3 groups of 20 and transferred to lysis buffer. Poly A+ RNA was extracted from the samples by using a Dynabeads mRNA Direct Kit, and the presence of mRNA and the absence of DNA contamination were confirmed as described above. Single-stranded and double-stranded cDNA were generated by using the RT template-switching SMART technology (Wang et al., 2000; Zhu et al., 2001) , and cDNA samples were purified by using a PCR Clean-up Gel Extraction Kit (Machery-Nagel, Bethlehem, PA). Linear amplification was performed by using a MEGAscript High Yield Transcription Kit (Ambion), followed by deoxyribonuclease treatment. Amplified mRNA samples were purified from template cDNA by using an RNeasy Mini Kit (Qiagen, Valencia, CA), and single-stranded cDNA were generated by random-primed cDNA synthesis.
Primer design and qPCR were performed as described previously (Fleming-Waddell et al., 2007) . Current gene annotations were obtained from the Affymetrix NetAffx Analysis Center, and primers were designed for qPCR with Primer3 software (Rozen and Skaletsky, 2000) . Accession numbers, primer sequences, and product lengths of the target and reference genes are presented in Table 1 . Primer specificity was determined by melting curve analysis and gel electrophoresis, and the resulting PCR products were cloned into pCR 2.1 TOPO vectors and transformed into One Shot TOP10 chemically competent Escherichia coli. Plasmids were sequenced to confirm the identity of the transcript and were quantified by using a Quant-iT PicoGreen dsDNA Assay Kit. Quantitative PCR was performed on a 10-fold-diluted sample of cDNA run in duplicate. Target genes were analyzed by using iQ SYBR Green Supermix reagents and an iCycler Real-Time PCR De-tection System (Bio-Rad, Hercules, CA). The reference gene, GAPDH, was analyzed for accurate relative quantification. A standard curve was generated from serial dilutions of EcoRI-digested plasmids (10 7 to 10 1 molecules) and the efficiency of the primers was calculated.
Statistical Analysis
Statistical differences in the percentage of oocytes completing nuclear maturation and developing to the blastocyst stage were determined by χ 2 analysis. Total embryonic cell number was analyzed by using a GLM ANOVA model with NCSS Statistical Software (NCSS, Kaysville, UT). The NCSS software was also used to calculate means and SE of blastocyst total cell number data.
To identify genes that were differentially expressed in oocytes derived from cyclic vs. prepubertal females, microarray data were filtered to remove probe sets not categorized as present or marginal in at least 2 of the microarrays. The filtered data (9,704 probe sets; 40.54% of the total number of probe sets) were analyzed as described previously (Spurlock et al., 2006) . Briefly, transcript abundance was normalized to the chip median and log transformed. A generalized linear ANOVA model, Y ij = μ + B 1 T i + ε ij , was fit for each probe set. For each model, Y ij represented the lognormalized transcript level for the ith treatment and the jth replicate, μ was the overall mean expression, B 1 represented the effect of the treatment on Y ij , and T i represented the ith treatment. An F-test of the effect of treatment was conducted, and statistical differences were identified with a P-value <0.05.
A volcano plot was generated by using the PROC GPLOT function (SAS Inst. Inc., Cary, NC), representing genes detectable on the microarrays in porcine oocytes (9,704 probe sets). Volcano plots analyzed the distribution of microarray databases according to statistical significance [−log 10 (P-value)] and biological significance [log(fold change)]. Genes plotted in the upper left and right quadrants of the plot represent differentially expressed genes (P < 0.05; horizontal reference line), with a 2-fold increase in transcript abundance (vertical reference line).
Differentially expressed genes with greater than a 2-fold change between cyclic and prepubertal females were manually categorized by functional annotations by using the Kyoto Encyclopedia of Genes and Genomes (Kanehisa and Goto, 2000; Kanehisa et al., 2006) and Entrez Gene (Maglott et al., 2011) .
For relative quantification, GAPDH was selected as a reference gene because transcript abundance remained stable (not statistically different) in both treatments in the microarray and qPCR analyses. Data were analyzed by using the relative expression software tool, REST 2005 version 1.9.12 (Pfaffl et al., 2002) . Expression ratios were generated from Eq. .
[1]
The CT values represent the PCR cycle when the SYBR Green fluorescence rises above the background fluorescence, or threshold. The levels of significance were calculated by pairwise fixed reallocation randomization tests with 50,000 iterations, and significance was determined with a P-value <0.05.
RESULTS

Meiotic Maturation and Developmental Competence
Oocyte developmental potential was determined after IVM, fertilization, and culture, and the resulting embryos were stained for total embryonic cell number. The percentage of oocytes progressing to MII was not significantly different between oocytes derived from cyclic (71.81% ± 1.44%) and prepubertal females (65.67% ± 1.55%); however, the percentage of embryo development to the blastocyst stage was significantly reduced in prepubertally derived oocytes (5.26% ± 1.03%) compared with those from cyclic females (12.86% ± 1.53%). 1 GAPDH = glyceraldehyde 3-phosphate dehydrogenase; DPYD = dihydropyrimidine dehydrogenase; RDH11 = retinol dehydrogenase 11; SFRS4 = serine/arginine-rich splicing factor 4; SFRS7 = serine/arginine-rich splicing factor 7; TL4 = transcribed loci 4; TOP2B = topoisomerase II β.
2
Sequence identity refers to the similarity in transcript sequence between PCR products and accession number, and confirms that the gene of interest has been amplified.
Total embryonic cell number was not significantly different between blastocyst-stage embryos resulting from oocytes derived from cyclic (40.85 ± 1.77 cells) and prepubertal females (38.32 ± 3.16 cells), suggesting that the quality of blastocysts produced between the 2 treatments was comparable.
Microarray Analysis
To identify pathways involved in cytoplasmic maturation that are associated with developmental potential, global alterations in the transcriptome of MII oocytes were characterized by microarray analysis. prepubertal derived oocytes were classified, based on the percentage of oocytes developing to the blastocyst stage, as having low developmental potential, whereas oocytes derived from cyclic females were classified as having high developmental potential. The Affymetrix porcine array contains 23,937 probe sets, representing approximately 20,201 genes from the porcine genome. From the total number of probe sets hybridized on the microarray, 9,704 probe sets were detected in mature porcine oocytes, representing approximately 40% of the total number of probe sets on the array. From the 9,704 probe sets that were detected in oocytes, 999 genes were differentially expressed, representing 10.29% of the total number of genes detected on the porcine microarray. In oocytes derived from prepubertal females, 58.76% of differentially expressed genes (587/999 genes) had decreased transcript abundance compared with cyclicderived oocytes, whereas 41.23% (412/999 genes) displayed increased abundance in oocytes derived from prepubertal compared with cyclic females (Figure 1) . Genes differentially expressed with greater than a 2-fold increase in transcript abundance in oocytes derived from prepubertal and cyclic females represented only 5.34% (22/412 genes) and 16.35% (96/587 genes) of the total number of differentially expressed genes, respectively. The majority of differentially expressed genes had less than a 2-fold increase in transcript abundance, based on microarray analysis in oocytes derived from both prepubertal (390/412 genes, 94.66%) and cyclic (491/587 genes, 83.65%) females (Figure 1) . The complete lists of differentially expressed genes with greater than a 2-fold increase in transcript abundance in oocytes derived from cyclic and prepubertal females are presented in Supplemental Tables 1 and 2 , respectively (http://jas.fass.org/content/vol89/issue11/).
To identify functional groups associated with developmental potential, differentially expressed genes with greater than a 2-fold change were manually categorized into functional groups. The transcripts that were increased in cyclic females were primarily involved in processing genetic information, including transcription, translation, and replication and repair. Approximately 57% of genes that had increased abundance in prepubertal females are classified as transcribed loci, or genes that have no gene identification, whereas only 34% of transcripts that were increased by 2-fold in cyclic females were unidentified (Tables 2 and 3) .
qPCR
Eleven genes were selected for validation by qPCR, based on the level of statistical significance (P < 0.05), functional annotation, and fold-change difference (>2-fold) obtained from the microarray data. Differential expression for 6 genes with greater than a 2-fold increase [DPYD (dihydropyrimidine dehydrogenase), RDH11 (retinol dehydrogenase 11), SFRS4 (serine/ arginine-rich splicing factor 4), SFRS7 (serine/arginine-rich splicing factor 7), TOP2B (topoisomerase II β), and TL4 (transcribed loci 4)] were significantly different by microarray analysis and qPCR (Figure 2 ). All genes displayed increased relative abundance in oocytes derived from prepubertal compared with cyclic females by qPCR analysis; however, 3 of these genes were inconsistent with the microarray data. These 3 genes had increased abundance in oocytes derived from cyclic females based on the microarray analysis, but were increased in prepubertally derived oocytes based on qPCR data (DPYD, TOP2B, and TL4; Figure 2) . The remaining 5 genes [SMARCD2 (SWI/SNF-related, matrix-associated, actin-dependent regulator of chromatin, subfamily d, member 2), SHMT2 (serine hydroxymethyltransferase 2), ERK3 (extracellular signal-regulated kinase 3), CHEK1 (checkpoint kinase 1 homolog), and TL2 (transcribed loci 2)] were differentially expressed according to the microarray data but were not significantly different by qPCR. Data for these 5 genes are reported in Supplemental Table 3 (http:// jas.fass.org/content/vol89/issue11/). Therefore, significant differences in expression between cyclic and prepubertally derived oocytes were confirmed for 6 of the 11 genes (54.5%); the validation rate including only genes in which the qPCR direction of expression was consistent with the microarray data was 27.7% (3 out of 11 genes). The genes TL4 and TL2 represent transcribed loci that have no gene identification or functional annotation, and were arbitrarily assigned gene symbols for this analysis.
DISCUSSION
Prepubertal females have decreased developmental potential after IVM in murine (Eppig and Schroeder, 1989) , bovine (Kauffold et al., 2005) , ovine (Leoni et al., 2007) , and porcine oocytes (Marchal et al., 2001 ) compared with in vitro-matured oocytes derived from cyclic females. The data confirmed that prepubertally derived oocytes matured in vitro have a similar ability to undergo nuclear maturation compared with oocytes derived from cyclic females. However, prepubertally derived oocytes displayed a decreased ability to undergo in vitro embryonic development compared with oocytes derived from cyclic females, which is in agreement with previous in vivo and in vitro reports (Archibong et al., 1987 (Archibong et al., , 1992 Koenig and Stormshak, 1993; Peters et al., 2001; Sherrer et al., 2004) . Embryonic development in vitro may not completely reflect oocyte developmental competence because culture environment, media, physical manipulations, and quality of semen can influence embryonic development. Because these factors were consistent between the 2 treatment groups, our data suggest that oocytes obtained from prepubertal females have decreased embryonic development owing to reduced oocyte quality. The data also confirm that nuclear maturation is not a good determinant of oocyte developmental potential.
During oocyte maturation, approximately one-half of the transcripts contained in germinal vesicle oocytes are degraded (Assou et al., 2006) . Inconsistencies in either accumulation or degradation could lead to variations in the transcriptome of mature oocytes, which may affect developmental potential. Although various factors can influence the transcriptome during IVM, examination of the mature MII oocyte after IVM can reveal the foundations available to the oocyte for subsequent fertilization and embryonic development. Although analysis of the transcriptome at the germinal vesicle stage would provide insight into oocyte growth and development inside the follicle, owing to the sub- Figure 1 . A) Distribution of microarray database on statistical (y-axis) and biological significance (x-axis) of in vitro-matured oocytes derived from prepubertal and cyclic females. Vertical reference lines indicate a 2-fold difference in transcript abundance. The horizontal reference line indicates a P-value of 0.05. Genes in the upper left and right quadrants are differentially expressed and display greater than a 2-fold increase in transcript abundance. B) Venn diagram of differentially expressed genes (P < 0.05) with increased transcript abundance in oocytes derived from prepubertal and cyclic females and the total number of genes that were not significantly different between the 2 treatments. C) Fold change of differentially expressed genes in metaphase II (MII) oocytes, separated by increased abundance in oocytes derived from prepubertal or cyclic females, represented as percentage of the total number of differentially expressed genes. stantial degradation of transcripts that occurs during maturation, this approach would not reveal the starting material the oocyte provides for future embryonic development. In addition, the response of the oocyte to the in vitro environment is critical when applying assisted reproductive technologies. In vitro maturation, and cytoplasmic maturation in particular, is widely considered a weakness for many assisted reproductive technologies, including human-assisted reproduction.
Analysis of porcine oocytes derived from prepubertal and cyclic females demonstrated that the transcriptome was altered in prepubertally derived oocytes, which was associated with decreased development to the blastocyst stage. Functional annotation clustering of differentially expressed genes with greater than a 2-fold change revealed that genes involved in processing genetic information and metabolism were increased in oocytes derived from cyclic compared with prepubertal females. Increased transcript abundance of genes involved in processing genetic information, which include regulation of transcription and translation, suggests that oocytes derived from cyclic females may be able to respond appropriately to changes in cellular status owing to internal factors (i.e., growth and maturation) and external factors (i.e., environment and stress) compared with prepubertally derived oocytes. Genes involved in metabolism were also increased in oocytes derived from cyclic females, representing genes involved in nucleotide, carbohydrate, and protein metabolism, suggesting that prepubertally derived oocytes have not fulfilled their metabolic requirements for fertilization and embryo development. The data support previous studies demonstrating the importance of metabolism in oocyte maturation and the relation of metabolic rates to developmental competence (Krisher and Bavister, 1999; Spindler et al., 2000; Preis et al., 2005) .
To identify potential gene candidates and pathways associated with increased developmental potential of oocytes, the fold change of differential expression was calculated [fold change cutoffs are typically between 1.8 and 3.0 (Mutch et al., 2002; Chen et al., 2007) ]. Fold change cutoffs measure the biological significance of a data set; however, determination of the fold change cutoff is subjective and is dependent on the investigator and the experimental objectives. A statistical model combined with a fold change cutoff can be used to evaluate the biological significance of the data while maintaining statistical (and scientific) integrity (Chen et al., 2007) . A small percentage of differentially expressed genes displayed greater than a 2-fold increase in transcript abundance in oocytes derived from prepubertal (5.34%) and cyclic (16.35%) females, suggesting these genes were essential for development and determining oocyte competence.
Microarrays provide an excellent tool for global transcript analysis to identify potential pathways of interest, which then need to be verified by a second method of analysis, such as qPCR, for accuracy. To determine the efficiency of the porcine microarray in identifying real alterations in the oocyte transcriptome, 11 genes were selected that were significantly different and that had greater than a 2-fold difference in transcript abundance by microarray to validate using qPCR. Differential expression of 6 genes was confirmed by qPCR between oocytes derived from prepubertal and cyclic females, resulting in a 54.5% validation rate. It is interesting that qPCR data for 3 genes (DPYD, TOP2B, and TL4) displayed a reversed direction of transcript abundance Table 2 . Functional annotations of differentially expressed genes (P < 0.05) with increased transcript abundance and greater than a 2-fold change in oocytes derived from prepubertal compared with cyclic females from 2-to 6-mm follicles and matured in vitro 
SFRS4
= serine/arginine-rich splicing factor 4; SFRS7 = serine/arginine-rich splicing factor 7; NCAPD3 = non-SMC condensin II complex, subunit D3; PARP2 = poly (ADP-ribose) polymerase 2; RNF25 = ring finger protein 25; RDH11 = retinol dehydrogenase 11; LPAR3 = lysophosphatidic acid receptor 3; PTPN1 = protein tyrosine phosphatase, non-receptor type 1; PRORSD1 = prolyl-tRNA synthetase domain containing 1.
2 Affymetrix identification numbers are provided because no gene symbol is available.
compared with the microarray data. These genes displayed increased transcript abundance in prepubertal females, as determined by qPCR, but were increased in cyclic females on the basis of microarray analysis. Probe design, such as probe location vs. qPCR primer location, distance from the poly A+ tail, and crossreactivity may all influence the reliability of microarray analysis (Evans et al., 2002) . In addition, independent pools of oocytes were used to validate microarray results in this study. Use of an independent set of cDNA for qPCR validation decreases the validation rate of the microarray data but increases the reliability of any identified differences in transcript abundance between 2 treatment groups. This has been observed in cumulus cells, when microarray validation decreased from 60% (15/24 genes) to 33% (8/24 genes) when original and Table 3 . Functional annotations of differentially expressed genes (P < 0.05) with increased transcript abundance and greater than a 2-fold change in oocytes derived from cyclic compared with prepubertal females from 2-to 6-mm follicles and matured in vitro 
ZNF584
= zinc finger protein 584; TAF1B = TATA box binding protein (TBP)-associated factor, RNA polymerase I, B; RBM14 = RNA binding motif protein 14; FRG1 = FSHD region gene 1; LSM5 = LSM5 homolog, U6 small nuclear RNA associated; GTF3C3 = general transcription factor IIIC, polypeptide 3; RPL6 = ribosomal protein L6; SEH1L = SEH1-like; XRN2 = 5′-3′ exoribonuclease 2; MRPL3 = mitochondrial ribosomal protein L3; SUMO3 = SMT3 suppressor of mif two 3 homolog 3; NSA2 = NSA2 ribosome biogenesis homolog; SMARCA5 = SWI/SNF-related, matrix-associated, actin-dependent regulator of chromatin, subfamily a, member 5; REV1 = REV1 homolog; CLSPN = claspin; CENPF = centromere protein F; SMARCE1 = SWI/SNF-related, matrix-associated, actin-dependent regulator of chromatin, subfamily e, member 1; TOP2B = topoisomerase (DNA) II beta; PERV = porcine endogenous retrovirus; ERP29 = endoplasmic reticulum protein 29; FBXO11 = F-box protein 11; ATAD3B = ATPase family, AAA domain containing 3B; TIGD1 = tigger transposable element derived 1; DPYD = dihydropyrimidine dehydrogenase; HMGCR = 3-hydroxy-3-methylglutaryl-CoA reductase; PGD = phosphogluconate dehydrogenase ; HK1 = hexokinase 1; SHMT2 = serine hydroxymethyltransferase 2; SEPP1 = selenoprotein P, plasma, 1; GSTO2 = glutathione S-transferase omega 2; MTHFD1L = methylenetetrahydrofolate dehydrogenase (NADP+ dependent) 1-like; CEP57 = centrosomal protein 57 kDa; DYNLT1 = dynein, light chain, Tctex-type 1; SEPT7 = septin 7; SPECC1 = sperm antigen with calponin homology and coiled-coil domains 1; CDK11B = cyclindependent kinase 11B; CHEK1 = checkpoint kinase 1 homolog; CEP78 = centrosomal protein 78 kDa; TPM2 = tropomyosin 2 (beta); TPM3 = tropomyosin 3; TPM4 = tropomyosin 4; SPINK5 = serine peptidase inhibitor, Kazal type 5; FNDC3B = fibronectin type III domain containing 3B; CFDP1 = craniofacial development protein 1; CHN1 = chimerin (chimaerin) 1; SUSERK3 = extracellular signal-regulated kinase 3; CLN6 = ceroid-lipofuscinosis, neuronal 6; HMG2L1 = HMG box domain containing 4; DEFB123 = defensin, beta 123; HTATIP2 = HIV-1 Tat interactive protein 2; DNM1L = dynamin 1-like; CLN5 = ceroid-lipofuscinosis, neuronal 5; CALD1 = caldesmon 1; TM6SF1 = transmembrane 6 superfamily member 1; LOC100156899 = protein FAM190B-like; CCDC93 = coiled-coil domain containing 93; DNTTIP2 = deoxynucleotidyltransferase, terminal, interacting protein 2; PLAC8 = placenta-specific 8; SBSN = suprabasin.
independent cDNA samples, respectively, were used for qPCR analysis (van Montfoort et al., 2008) . Validation by qPCR of oocyte microarray data varies tremendously. Validation rates with independent pools of oocytes have been reported as 64% (23/36 genes; mouse; Su et al., 2007) , 69% (9/13 genes; bovine; Mourot et al., 2006) , 80% (8/10 genes; bovine; Ghanem et al., 2007) , 83% (5/6 genes; bovine; Thelie et al., 2009), 96% (22/23 genes; bovine; Mamo et al., 2006) , and 100% (4/4 genes; bovine; Katz-Jaffe et al., 2009) . It is possible that the reduced rate of validation in this study was related to the lack of a complete genome sequence in the pig, as compared with the mouse and cow, at the time of microarray development. Serine/arginine proteins promote alternative splicing of immature mRNA in the nucleus and assist in splicing some formations (Graveley, 2005) . The genes SFRS4 and SFRS7 are members of the serine/arginine protein family, and both displayed increased transcript abundance in prepubertally derived oocytes in the microarray and qPCR analyses. Increased expression of splicing factors could suggest that primary transcripts were still being processed into mature mRNA in prepubertally derived oocytes, and thus represent an immature state of development compared with oocytes derived from cyclic females. Topoisomerase II β plays an essential role in DNA replication, transcription, and chromosome condensation by introducing double-strand DNA breaks, which are then religated (St Pierre et al., 2002; Shaman et al., 2006) . Topoisomerase II β also plays a role in apoptosis, or programmed cell death, in somatic cells by interacting with caspase-activated deoxyribonucleases to induce DNA fragmentation and apoptotic chromatin condensation (Durrieu et al., 2000; Solovyan et al., 2002) . Chromatin fragmentation induced by TOP2B has been reported in sperm cells and is associated with decreased embryo development to the blastocyst stage after intracytoplasmic sperm injection (Yamauchi et al., 2007) . Abundance of TOP2B was significantly increased in oocytes derived from prepubertal compared with cyclic females. Dihydropyrimidine dehydrogenase catalyzes the rate-limiting step in the breakdown of the pyrimidine bases uracil and thymine (Gonzalez and Fernandez-Salguero, 1995) . Dihydropyrimidine dehydrogenase may be a "controlling enzyme" because it is the only route for β-alanine synthesis, one of the end products of pyrimidine metabolism (Gonzalez and Fernandez-Salguero, 1995) . Oocytes derived from prepubertal females have an increased abundance of DPYD compared with oocytes derived from cyclic females. Retinol dehydrogenase 11 is involved in oxidoreductase activity and is significantly downregulated in developmentally competent oocytes, as indicated by positive brilliant cresyl blue (BCB+) staining, compared with incompetent oocytes without BCB staining (BCB−; Torner et al., 2008) . In agreement with the previous report, developmentally competent oocytes obtained from cyclic females displayed decreased RDH11 abundance compared with incompetent oocytes obtained from prepubertal females in this study. Fold change expression of 11 target genes that were found to be differentially expressed (P < 0.05) with greater than 2-fold change in oocytes derived from prepubertal compared with cyclic females, determined by microarray (white bars) analysis. Differential expression was validated by quantitative PCR (qPCR) [relative to glyceraldehyde 3-phosphate dehydrogenase (GAPDH); black bars]; significant differences are marked with an asterisk (*). CHEK1 = checkpoint kinase 1 homolog; DPYD = dihydropyrimidine dehydrogenase; ERK3 = extracellular signalregulated kinase 3; RDH11 = retinol dehydrogenase 11; SFRS4 = serine/arginine-rich splicing factor 4; SFRS7 = serine/arginine-rich splicing factor 7; SHMT2 = serine hydroxymethyltransferase 2; SMARCD2 = SWI/SNF-related, matrix-associated, actin-dependent regulator of chromatin, subfamily d, member 2; TL2 = transcribed loci 2; TL4 = transcribed loci 4; TOP2B = topoisomerase (DNA) II beta.
In conclusion, we found that the transcriptome was significantly altered in porcine oocytes derived from prepubertal as compared with cyclic females, which was associated with decreased production of blastocyststage embryos after in vitro fertilization and culture. The data suggest that prepubertally derived oocytes have not compiled or processed the transcriptome correctly, and therefore do not have appropriate quantities of components required for cytoplasmic maturation, resulting in decreased embryonic development. Prepubertally derived oocytes may be actively undergoing translation or responding to cellular stress or apoptosis, as indicated by increased transcript abundance of SFRS4, SFRS7, and TOP2B compared with oocytes derived from cyclic females. Further analysis of these genes and pathways will elucidate specific mechanisms involved in establishing oocyte competence, thereby increasing our understanding of the processes required to complete cytoplasmic maturation and oocyte development. Identification of potential biomarkers, such as secreted proteins, based on the microarray data presented in the current study would enable the development of noninvasive assays that could better predict the quality of an oocyte before fertilization, and would enable modification of the IVM environment to increase the percentage of oocytes developing to the blastocyst stage.
